Chromophoric dissolved organic matter (CDOM) in riverine systems can be affected by environmental conditions and land-use, and thus could provide important information regarding human activities in surrounding landscapes. The optical properties of water samples collected at 42 locations across the Liaohe River (LHR, China) watershed were examined using UV-Vis and fluorescence spectroscopy to determine CDOM characteristics, composition and sources. Total nitrogen (TN) and total phosphorus (TP) concentrations at all sampling sites exceeded the GB3838-2002 (national quality standards for surface waters, China) standard for Class V waters of 2.0 mg N/L and 0.4 mg P/L respectively, while trophic state index (TSI M ) indicated that all the sites investigated were mesotrophic, 64% of which were eutrophic at the same time. Redundancy analysis showed that total suspended matter (TSM), dissolved organic carbon (DOC), and turbidity had a strong correlation with CDOM, while the other parameters (Chl a, TN, TP and TSI M ) exhibited weak correlations with CDOM absorption. High spectral slope values and low SUVA254 (the specific UV absorption) values indicated that CDOM in the LHR was primarily comprised of low molecular weight organic substances. Analysis of excitation-emission matrices contour plots showed that CDOM in water samples collected from upstream locations exhibited fulvic-acid-like characteristics whereas proteinlike substances were most likely predominant in samples collected in estuarine areas and downstream from large cities. These patterns were interpreted as indicative of water pollution from urban and industrial activities in several downstream sections of the LHR watershed.
INTRODUCTION
Dissolved organic matter (DOM), which includes humic substances, carbohydrates, and proteinaceous material, plays a multifaceted role in the biology, the flow of energy and elements cycling in aquatic ecosystems (Benner ; Spencer et al. ; Zhang et al. ; Brezonik et al. ) . Chromophoric dissolved organic matter (CDOM), the colored fraction of DOM, possesses unique chemical properties that affect ultraviolet radiation penetration through the water column, and determine the inherent optical properties of water, thus facilitating remote sensing application to hydrochemical studies of surface waters (Cory et al. ; Zhu et al. ) . Several previous studies (Sobek et al. ; Webster et al. ) have suggested links between CDOM concentration and nutrient status of lake waters. It has also been proposed (Huang & Chen ; Zhang et al. ) that CDOM could be used as indicator of river ecosystem responses to disturbances such as agricultural tillage, acid precipitation and global warming. Although DOM is involved in a wide array of biogeochemical processes (Landry & Tremblay ) , determination of its source, composition and transformation in large natural systems poses methodological challenges (Spencer et al. , ) . The combination of spectroscopic analysis and remote sensing can be an effective approach for regional-scale characterization of DOM, and thus could help resolve some of the methodological difficulties (Morel & Gentili ) .
DOM has distinctive spectrophotometric properties in terms of both absorption of light and fluorescence. Absorption and fluorescence properties have been used to study CDOM sources, sinks, and mixing of water masses in rivers, inland waters, bays, estuarine and marine environments (Ferrari & Dowell ; Chen et al. ; Carstea et al. ; Siegel et al. ; Singh et al. a; Hestir et al. ) . Due to its optical activity, CDOM concentration significantly influences the underwater light field (Laurion et al. ) . Therefore, the absorption of CDOM in the blue wavelength range is commonly used to quantify CDOM concentration (Bricaud et al. ; Babin et al. ) . In addition, the slope of the absorption curve (hereafter S), which is calculated on some narrow wavelength intervals, can be used to trace CDOM sources (Carder et al. ; Zhang et al. ; Helms et al. ; Hestir et al. ) . Generally, S decreases with increase in the wavelength range and has been shown to vary with the source of CDOM (a steeper S typically corresponds to decreasing molecular weight and aromaticity) (Blough & Green ; Helms et al. ) . Furthermore, the specific ultraviolet (UV) absorption (SUVA254) of CDOM, which is determined by normalizing the absorption at 254 nm to dissolved organic carbon (DOC) concentration, has been employed as an indicator of humification or aromaticity of CDOM (Weishaar et al. ; Helms et al. ; Brezonik et al. ) . Positive correlations have been reported between SUVA254 values and the percent aromaticity of DOM as measured by 13 C-NMR (Weishaar et al. ) . Fluorescence spectroscopy, using excitation-emission matrices (EEMs), has been widely used to characterize CDOM and differentiate between different sources of CDOM in aquatic systems through identification of fluorophores known to be diagnostic of specific classes of organic molecules (Coble ; Stedmon & Markager ) .
Many water quality parameters (chlorophyll-a (Chl a), DOC, total suspended matter (TSM), etc.) have been proposed to discuss the correlations with CDOM and the other physicochemical parameters of water, such as total nitrogen (TN), total phosphorus (TP) salinity (Kowalczuk et al. ; Gonnelli et al. ; Niu et al. ; Phong et al. ) , were also investigated in different aquatic environments. However, different conclusions were obtained in these studies because of the regional variations in water quality. Studies have documented variations in riverine DOM characteristics in relation to seasonal variation and land use/cover change in surrounding landscapes (Park et al. ; Piirsoo et al. ; Catalan et al. ; Le et al. ) . The results of Piirsoo et al. () showed that stream-water DOM increases in aromaticity with increase in peatland/forest land-cover, but decreases in aromaticity with increased percentage of cropland. Across a small Mediterranean watershed, spectroscopic descriptors (SUVA, EEMs) showed that DOM was aromatic and homogenous in the fall, whereas in the spring, DOM was recently-produced and spatially heterogeneous (Catalan et al. ) . In river systems that flow over large geographical areas, DOM characteristics are expected to reflect complex interactions among land-use and environmental drivers. DOM in streams is primarily derived from terrestrial (allochthonous) sources; therefore, DOM characteristics are generally correlated with landscape attributes and land-use in surrounding watersheds (Aitkenhead-Peterson et al. ; Williams et al. ; Le et al. ) . As a result, studies of riverine DOM can provide very useful information with regard to C sources and its transformations during transport from terrestrial ecosystems to aquatic environments.
The Liaohe River (LHR) watershed provides a uniquely diverse mix of local environments that allow researchers to assess the robustness of spectroscopic methods to trace riverine DOM sources. While the intensive forms of land-use have spurred economic development, they have also led to serious problems of river pollution. The impact of urban and industrial pollution on the structure and composition of riverine CDOM can be significant, but this has yet to be investigated in the LHR watershed while other large river systems have been discussed in China (e.g. Huanghe River, Zhujiang River, Huaihe River) that have experienced similar levels of pollution in recent decades. The LHR also presents a wide range of pollution severity: pollution is generally light in the main stem, moderate along the tributaries, but severe downstream from large urban areas and petroleumprocessing facilities according to National Surface Water Quality Monthly Report of China in September 2013.
The present research was undertaken in an effort to demonstrate the application of spectroscopic techniques for regional scale assessments of anthropogenic activities on riverine CDOM characteristics. In the present study, absorption characteristics of CDOM were measured and source determination was conducted using water samples collected at 42 sampling sites across the LHR watershed in northeast China. Sampling sites differed in their altitude and dominant land-use in surrounding landscapes. The specific objectives of this study were to (i) characterize CDOM absorption and determine the correlations with water quality parameters across the LHR watershed, (ii) analyze the relationships between CDOM and fluorescence intensity, and (iii) examine the links between the composition and sources of CDOM in the LHR.
MATERIALS AND METHODS

Study area
The LHR is located in northeast China (116
, drains an area of approximately 22.9 × 10 4 km 2 and flows through Jilin, Liaoning and Hebei provinces and the Inner Mongolia autonomous region. It is bordered by the Songhua River watershed to the north and the Bohai Sea to the south (Figure 1 ). Considering the tight connection with the Dalinghe River watershed, we enlarged our study area, shown as Figure 1 . As far as LHR watershed is concerned in this paper, it refers to LHR watershed and Dalinghe River watershed. Land use varies greatly, and includes forest (east), grassland (west-northwest), agriculture (middle third), and several urban and industrial centers ( Figure S1 , available with the online version of this paper). The LHR comprises two independent stream networks that flow in a general northsouth direction and empty into the Bohai Sea. The first network encompasses the East and the West Liaohe Rivers, and has a total length of 1.39 × 10 3 km ( Figure 1 ). Although the study area is located in a semi-humid/semiarid temperate continental climate zone (cold and dry in winter, warm and wet in summer), marked variation in the distribution of precipitation exists across the watershed The location and name of each sampling station are reported in Figure 1 .
( Figure S2 , available with the online version of this paper). Mean air temperature ranges between 4 and 7 W C and decreases from south to north. Annual precipitation is slightly greater in the eastern (500-750 mm) than in the western (550 mm) sections of the LHR watershed ( Figure S2 ). Evaporation capacity generally decreases from southwest to northeast in this region. Soil erosion is very serious, particularly in some drought-prone areas in northeast China where vegetation coverage is less than 30%.
Water samples and quality determination
Water sampling was conducted from October 4 to October 25, 2012 at 42 sampling sites ( Figure 1 , Table 1 ). At each site, surface water samples were collected approximately 0.2 m below the water surface (except where water depth was very shallow) generally toward the middle of the channel. The sampling sites were distributed along the main trunk and the tributaries of the LHR, including the Daling River (DLR, 2), the East Liaohe River (ELR, 10), the West Liaohe River (WLR, 3), the HHR (5) and the main stem of the LHR (22) after its junction with the East and West Liaohe Rivers ( Figure 1 , Table 1 ). At the time of sampling, water temperature, depth, turbidity (Turb) and transparency (Secchi disc depth, SDD) were measured in-situ using portable instruments. Approximately a 2.5 L water sample was collected at each site for determination of water physical and chemical parameters, including Chl a, TN, TP, DOC, and TSM concentration. Water samples were collected in acid-washed HDPE bottles and held in thermoelectric coolers while in the field. In the laboratory, water samples were kept at 4 W C until analyzed, generally within two days. DOC was calculated by subtracting dissolved inorganic carbon from total dissolved carbon, both of which were measured by high-temperature catalytic oxidation (680 W C) using a total organic carbon analyzer (Shimadzu, TOC-VCPN) (Song et al. b) . Chl a was extracted using 90% acetone and measured with a Shimadzu UV-2600 PC spectrophotometer (Song et al. , a) . TSM was determined in the laboratory using methods described in Song et al. () . TN was measured based on the absorption levels at 146 nm of water samples decomposed with alkaline potassium peroxydisulfate; TP was analyzed using a molybdenum blue method after digestion of water samples with potassium peroxydisulfate (Song et al. b) .
CDOM absorption determination
Water samples were filtered successively through a 0.7 μm glass fiber filter (Millipore) and a 0.22 μm nucleopore filter (Whatman). Absorption spectra of the filtrate were measured between 200 nm and 800 nm at 1 nm interval using a Shimadzu UV-2600 PC UV-VIS dual beam spectrophotometer with a 1-cm quartz cuvette. Milli-Q water was used in the reference cuvette for CDOM absorption measurements. Absorption coefficient of CDOM was calculated as:
where a CDOM (λ 0 ) is the uncorrected CDOM absorption coefficient at wavelength λ, OD(λ) is the optical density at the same wavelength, and l is the cuvette path length in meters.
Because of the influence of backscattering by small particles and colloids that may pass through filters, absorption coefficient was corrected based on the following equation
( 2) where a CDOM (λ) is the absorption coefficient at wavelength λ corrected for scattering and baseline fluctuations, a CDOM (λ 0 )
is the uncorrected absorption coefficient at a given λ, and a CDOM (750 0 ) is the uncorrected absorption coefficient at 750 nm. The specific UV absorbance at 254 nm (SUVA254) was calculated as (Weishaar et al. ):
Spectral slope (S) determination
The spectral slope (S) was calculated using a non-linear fit of an exponential function to the absorption spectrum in the range of 300 to 500 nm using the following equation
where a CDOM (λ) is the CDOM absorption at a given wavelength, a CDOM (λ 0 ) is the absorption estimate at the reference wavelength λ 0 , which is generally selected to be 440 nm, and S is the spectral slope fitting parameter. In this study, spectral slopes were computed in the 275-295 nm (S 275À295 ) and 350-400 nm (S 350À400 ) intervals using linear regression of the log-transformed spectral data (Helms et al. ) .
Fluorescence measurements
Fluorescence EEMs were measured using a Hitachi F-7000 fluorescence spectrometer (Hitachi High-Technologies) equipped with a 700 voltage xenon lamp. Samples were filtered as described above for CDOM absorption analysis. Water filtrate was placed in a 1-cm quartz cell, which was washed successively with methanol and Milli-Q water between samples. The scanning ranges were 200-450 nm at 5-nm intervals for excitation, and 250-600 nm at 1-nm intervals for emission, with a scanning speed of 2,400 nm/ min. Water Raman scatter effects, instrument specific variations, inner-filter effect and Rayleigh scatter effects were all corrected during data processing according to Zhang et al. () . 
Trophic state index
The modified Carlson trophic state index (TSI M ) (Aizaki ) incorporates the effects of water transparency, water color, dissolved and suspended matters (Zhang et al. ) , and has often been used to characterize the nutritional status of water bodies. Furthermore, TSI M was also employed to evaluate trophic state of rivers, such as Tumen River, landscape park rivers and Suzhou Creek (Huang & Yin ; Jiang et al. ; Zheng et al. ) . However, to account for the influence of local conditions and human activities on this index, the assessment method proposed for Chinese lakes (Shu ; Duan et al. ) was adopted in this study. TSI M was computed as:
Results are reported on a 0-100 scale divided into seven ranges corresponding to different trophic states (0-20: oligotrophic; 20-30: lowermesotrophic; 30-40: mesotrophic; 40-50: uppermesotrophic; 50-70: eutrophic; 70-80: hypereutrophic; and 80-100: extremely hypereutrophic) .
Statistical analysis
The absorption coefficients of CDOM at 254 nm [a CDOM-(254)], 355 nm [a CDOM (355)] and 440 nm [a CDOM (440)] were calculated using Origin 8.0 software. Correlations between water quality parameters and CDOM absorption were determined by redundancy analysis (RDA) using CANOCO 4.5, CDOM absorption were defined as species variables, and water quality parameters were selected as explanatory variables. The Pearson correlation coefficient (r) was calculated using SPSS 17.0. The responding variables were first screened through canonical correspondence analysis using CANOCO 4.5 to remove the variables with a partial correlation coefficient greater than 0.8 and an inflation coefficient greater than 20 (Leps & Smilauer ) for the exists of high autocorrelation between responding variables. A Monte Carlo permutation test was also conducted with CANOCO 4.5, selecting environmental variables closely related to CDOM absorption (499 permutations under the reduced model, p < 0.05). Consequently, different conclusions were acquired due to regional variations in water quality.
RESULTS AND DISCUSSION
CDOM absorption and water quality characteristics
Water quality parameters varied greatly reflecting differences in environmental conditions and land use/cover in surrounding landscapes (Table 1, Figure 2 ). In the LHR, DOC concentration ranged from a minimum of 3.62 mg/L in the headwater streams such as ELR and LJR (site 1) to a maximum of 21.89 mg/L at WLR (site 11) ( Table 1 ). The concentration of Chl a ranged from 2.65 μg/L at XKR to 86.52 μg/L at STZ (Figure 2(a) ). Similarly, the concentration of TSM ranged from 3.33 mg/L at UYR to 576 mg/L at the STZ estuary (Figure 2(a) ). The concentration of TP (0.01-2.8 mg/L) and TN (7.32-53.7 mg/L) also exhibited large spatial variations (Figure 2(b) ). These concentrations are much larger and more variable than reported for several large rivers investigated in previous studies ( Figure 2(b) ). Interestingly, the maximum concentration of both TN and TP was recorded at the same sampling site (site 32), just downstream from the city of Shenyang. Discharge of industrial wastewater and municipal sewage into the river may have resulted in high TP and TN values in this stretch of the LHR network.
Derived TSI M values were higher than 30 at all the sampling sites in the LHR watershed (Figure 2(d) ), indicating that nearly all the streams/rivers in the LHR watershed were at least mesotrophic. In addition, TSI M recorded at 27 sampling sites (out of 42) markedly exceeded 50, indicating that these river sections were eutrophic (Aizaki ; Chang & Che ).
The general spectral curves for CDOM showed near zero absorption values at the red end of the visible spectrum (700 nm), and exponential increase to maximum values in the UV wavelength regions (280-400 nm). CDOM is often characterized using the absorption coefficient at some specific wavelengths such as 254, 355 and 440 nm (Miller ; Zhang et al. ) . In this study, relationships between water quality parameters in LHR tributaries and a CDOM-(254), a CDOM (355) and a CDOM (440) were examined in order to select the best specific wavelength to characterize CDOM absorption features and the determined parameters influenced CDOM.
RDA was performed for all the sampling locations with eight water environment variables. The RDA data showed that the forward selected explanatory variables could explain the variability of CDOM characteristics with species-environment correlations of 0.888. The first two axes of RDA explained 88.7% of total variability in light absorption characteristics of all the water samples collected (axis one, 87.2%; axis two, 1.5%). Coefficients between environmental variables with axes in RDA indicated that TSM, DOC, and Turb had a strong correlation with CDOM, while the other parameters show weak correlations with CDOM light absorption (Figure 3) . The Pearson correlation coefficients (r) between water quality and CDOM presented in Table 2 indicate that a CDOM (254), a CDOM (355) and a CDOM (440) showed a significantly positive correlation with DOC, TSM and Turb (p < 0.01), a strong negative correlation with SDD (p < 0.01) and a weak negative correlation with TN, but had no correlation with Chl a concentration, TP and TLI M .
In There was no correlation between TLI M and CDOM for all the samples in LHR. However, if samples located in WLR excluded from the data base, significant correlation was obtained between TLI M and CDOM (r ¼ 0.446, p < 0.01), suggesting that phytoplankton degradation may be an important source of CDOM for the rest samples (Zhang et al. ) . CDOM concentration in WLR were much higher than the other samples because of the complex environment surrounded that we will discuss in detail below, which may be the reason that samples in WLR caused the uncorrelated relationship between TLI M and CDOM.
Although the similarity of a CDOM (254), a CDOM (355) and a CDOM (440) existed, a CDOM (355) was selected as the most appropriate coefficient to characterize CDOM absorption features for the best correlation with DOC, consequently. The average corrected a CDOM (355) was 4.46 m À1 , ranging from a high value of 17.04 m À1 at site 11 to a low of 0.99 m À1 at site 25 (FHR). Compared to values in the literature, a CDOM (355) measured in the LHR were somewhat higher than reported in previous studies for estuarine, coastal and lake waters (Seritti et al. ; Zhang et al. ) . These variations in a CDOM (355) could be linked to a combination of social and economic factors (e.g. population census data and gross domestic product) as well as land use/ cover change in the sub-catchments including urban development which, in previous studies, has been shown to influence the concentration and characteristics of CDOM (Wilson & Xenopoulos ; Williams et al. ; Wang et al. ; Le et al. ) . It is interesting to note that the top three highest CDOM concentrations measured in the study were all located in WLR. This pattern may be ascribed to three factors: (i) loss of vegetation cover and accelerated soil denudation resulting in increased delivery of CDOM from upland sources into the streams, (ii) low precipitation in the WLR sub-catchments, and thus limited dilution of CDOM concentration (Hornberger et al. ; Wilson & Xenopoulos ; Zhu et al. ) , and (iii) limited discharge following precipitation as most of the rainwater infiltrates replenish soil moisture reserve in this dry area (Huang & Chen ) . The fifth highest CDOM concentration was measured at site 12, at the confluence of East and West Liaohe Rivers, where high CDOM from WLR (site 14) was probably diluted by lower CDOM from ELR (site 13). Generally, the data show higher CDOM concentration in the WLR than in the ELR. Unfortunately, due to time limitation, dried up parts of WLR and other constraints, there were only three sampling sites in the WLR; therefore, we caution against generalization of that general observation, and argue that more data should be collected to better understand this distribution in CDOM concentration.
CDOM absorption and fluorescence
Since fluorescence measurements can be acquired more rapidly by using airborne fluorescence laser-induced measurements and with greater sensitivity than absorption measurements (Ferrari & Dowell ; Singh et al. b) , it is very useful to establish relationships between these two variables and then infer CDOM absorption from fluorescence data. In light of previous studies that have demonstrated strong relationships between CDOM absorption and fluorescence intensity in waters from variable sources (Hoge et al. ; Seritti et al. ; Kowalczuk et al. ; Singh et al. b) , in this study CDOM fluorescence at 355 nm [Fn(355)] and a CDOM (355) were used to establish relationships between the two parameters. This analysis yielded a significant linear relationship between Fn(355) and a CDOM (355) (coefficient of determination, r 2 ¼ 0.81, p < 0.01) for LHR waters (Figure 4) .
Despite different sources and locations, the fluorescence increased linearly with CDOM absorption, which is consistent with previous studies (Ferrari & Dowell ; Zhang et al. ; Kowalczuk et al. , ) . The lowest value for Fn(355) was recorded in the DLR (site 34), where the river was shallow, stream water clear and CDOM concentration was the second lowest (Table 1 ). The maximum value for fluorescence intensity was obtained in the WLR at site 10 where flow was low and CDOM concentration was the second highest (Table 1) . A combination of low flow (due to long-term drought) and agricultural pollution probably contributed to the high fluorescence intensity measured in the WLR (Graeber et al. ) .
In general, fluorescence increases with lakes eutrophication (Zhang et al. ) , but in this study no consistent pattern was observed in the spatial variation of fluorescence intensity and TSI M , the indicator of trophic state. For example, the water samples collected from WLR exhibited the highest fluorescence intensities but not the highest TSI M values, which means that high fluorescence intensities do not always correspond to a high degree of eutrophication. The main reason probably lies in the difference between lakes and rivers with regard to DOM sources and dynamics. Further, DOM originating from anthropogenic sources (terrestrial input) may override the signal associated with autochthonous sources in our study area with a large extent of agricultural and industrial land cover (Graeber et al. ; Chen et al. ) .
CDOM sources analysis
Estimated values of S ranged from 0.0120 to 0.0217 nm Àl , averaging 0.0179 nm Àl in the short wavelength range (275-295 nm) and 0.0198 nm Àl in the wavelength domain of 350-400 nm (Table 1 ). In general, S values in the two wavelength regions followed a similar trend with the exception of site 25 where an abrupt increase in S 350À400 relative to S 275À295 was observed. The r 2 for the linear fitting of S 350À400 at site 25 (r 2 : 0.54) was much lower than at the other sites, (r 2 : 0.99). Therefore, S value for site 25 was not included in further analysis of the data set. In Mississippi River water samples, S value was found to be nearly twice as large for the fulvic acid (S ¼ 0.0194) than the humic acid (S ¼ 0.010) fractions (Carder et al. ) . As mentioned above, most of the S 275À295 values (except sites 8, 21 and 34; Table 1 ) obtained in this study were equal to or greater than 0.015 nm Àl , suggesting that CDOM in the LHR mostly included low molecular weight organic substances. Moreover, Spencer et al. () proposed that, due to quick exchange rates of DOC in the water column and short residence time, high molecular weight DOC fractions in natural waters tend to be abundant in regions experiencing abundant precipitation. Considering that our study was conducted in a semi-arid region, this explanation supports the conclusion that low molecular weight CDOM fractions were predominant in the river water samples examined, which is consistent with the results reported by Spencer et al. () for the Colorado River.
In addition to low precipitation ( Figure S2 ), our results may also be affected by pollution of LHR waters. Since the 1980s, several sections of the LHR watershed have been seriously polluted as these regions underwent major economic transformations. The discharge of industrial wastewater and sewage from urban areas, nutrients and pesticide from agricultural fields may have significantly influenced riverine CDOM characteristics in LHR (Huang et al. ; Tian et al. ) .
SUVA254 is positively correlated with both the degree of aromaticity and molecular weight (Weishaar et al. ; Cawley et al. ) . According to Song et al. (b) , SUVA254 followed inverse trends with both E250:365 and S values which can be used to track changes in molecular size. SUVA254 varied widely between the LHR sampling sites, ranging from 0.49 mg C L À1 m À1 at site 8 to 4.59 mg C L À1 m À1 at site 10 with mean value of 2.67 mg C L À1 m À1 (Table 1) , which is lower than reported for freshwater lakes in Songnei Plain (range: 2.30-8.70 mg C L À1 m À1 ; Song et al. b) and slightly lower from rivers in the USA (mean: 2.97 mg C L À1 m À1 ; Spencer et al. ), but higher than measured in other lakes such as Pony Lake (mean: 1.7 mg C L À1 m À1 ) and Lake Fryxell (mean: 1.8 mg C L À1 m À1 ) (Weishaar et al. ) . As a result, SUVA254 values obtained in the study indicated that CDOM composition in LHR waters was dominated by low molecular weight fractions. This interpretation is in accord with the inference obtained from the S values.
Fluorescence spectroscopy provides another useful tool to trace the source of riverine CDOM. Fluorescence data were acquired for all 42 sampling sites (Table 3) , focusing on the fluorophores identified in the EEMs. Representative EEM spectra, along with the principal groups of fluorophores (labeled A, B, C, M, T), are presented in Figure 5 for selected LHR water samples. None of the LHR water samples contained all five fluorophores (A, B, C, M and T) ( Table 3) , probably due to the overlap of weak intensity area by region of strong intensity. Only one sample contained fluorophores A, B, C and T ( Figure 5(c) ); 20 of 42 samples contained the A, C and T components ( Figure 5(b) ). Many samples contained fluorophores A and C (Table 3, Figure 5 (a)) which are generally associated with fulvicacid-like substances (Stedmon & Markager ) . Water samples from a few sites (7, 12, 16, 24, and 31) exhibited only fluorophores B. Most of the samples from downstream locations (Figure 1) , contained fluorophores T 280 and T 230 (Table 3, Figure 5(d) ) that are typically indicative of protein-like substances in CDOM.
Fluorophore A intensities ranged from 3.39 (site 34) to 22.15 (site 14), and fluorophore C intensities ranged from 2.06 (site 34) to 15.65 (site 10). The highest value for fluorophores T 280 and T 230both indicators of protein-like substances in CDOM were measured at site 36 (XSR), where Liaohe oil field is located. In aquatic systems with significant terrestrial C inputs, riverine CDOM is generally dominated by fluorophores attributed to humic acid and fulvic acid (Baker ; Fu et al. ) . However, if the river is polluted by human activities, there could be a strong signal of protein-like substances in the 3-DEEMs (Fu et al. ) . In the present study, strong signals of protein-like fluorophores were detected in samples collected downstream from large cities, in estuarine areas, and in the lower reaches of the LHR watershed (Table 3, Figure 1) . Data from the HHR (sites 31, 32 and 38) illustrated this spatial pattern very well. The HHR likely receives large amounts of pollutants as it flows through Shenyang City, which is an industrial and fast-growing city of about six million residents (Lu et al. ) . Consequently, samples of the HHR after Shenyang City exhibited strong protein-like fluorophores (Table 3) . Similar observations were acquired with samples collected after passage of LHR through Tieling City (Figure 1, Table 3 ). Moreover, because the river's lower reaches and estuaries generally received all the pollutants sites 20, 31, 32, 38, 41 and 42) . Coble () noted that salinity and distance from the shore were not the most important factors controlling the presence of fluorophore M in CDOM. While this could be a valid mechanism at sites 41 and 42, other processes must be invoked for the other sites. Enhanced biological activity, and especially excessive development of green macro-algae, has been identified as a key contributor to fluorophore M presence in CDOM (Parlanti et al. ) . The concurrent appearance of fluorophore M and high fluorophore T 280 further indicates the presence of compounds of recent biological origin (Parlanti et al. ) . However, Chl a concentrations of water samples located in the four sites (sites 20, 31, 32 and 38) are lower than the other sites (Figure 2) , which eliminates the influence of autochthonous biological activity but may be more closely related to heterotrophic activity (Coble ) .
Furthermore, the Liaohe oilfield (Figure 1) , located in the Liaohe Delta and exploited since the 1970s, may have influenced riverine CDOM composition and contributed to the CDOM characteristics of the estuarine water samples. The strongest protein-like fluorescence intensity was observed at site 36 (XSR) which is located in the oil extraction area (Table 3, Figure 1 ). It is conceivable that stream waters can be contaminated by crude oil, a complex 
CONCLUSION
The LHR, the seventh largest river system in China, has experienced serious water problems due to rapid expansion of agricultural, urban and industrial activities in recent years. The characteristics and sources of CDOM in the LHR watershed were comprehensively investigated for the first time using spectroscopic techniques. Results based on RDA showed that TSM, DOC, and Turb had a strong correlation with CDOM, while the other parameters (Chl a, TN, TP and TSI M ) exhibited weak correlations with CDOM absorption. Furthermore, significant spatial variations in DOC concentration, absorption coefficient, and fluorescence intensity in riverine waters across the LHR watershed were obtained. Multiple lines of evidence (high spectral slope values and low SUVA254) from the study indicated that CDOM in the LHR primarily comprised low molecular weight organic substances. Further, according to 3-DEEMs, CDOM of water samples collected from upstream locations exhibited fulvic-acid-like fluorescence characteristics whereas samples collected in estuarine areas and downstream from large cities showed enrichment in protein-like substances. These patterns were interpreted as indicative of water pollution in the lower sections of the LHR watershed from urban and industrial activities. While the present study provided an overall picture of DOM sources (terrestrial, industrial, urban) in the LHR watershed, it was not designed to determine the relative importance of sources. Moreover, the study was conducted only during one month, which failed to discuss the seasonal changes and transforms of CDOM from headstreams to the estuaries for the LHR system. Additional research is needed to quantify these contributions, compare seasonal varieties and investigate biogeochemical transformations of CDOM during transport across this extensive river network before it discharges into the Bohai Gulf.
